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Abstract
This thesis analyzes damage due to fatigue of a typical lock gate on the United States waterway
transportation system. Functioning lock gates are essential for this mode of transportation because
they control water levels and provide access through dams for ships. Fatigue cracking is caused
by cyclic loading and corrosion. Cyclic loading on a lock gate was imitated using a finite element
model. This model was used to calculate stress ranges for a cycle so that the number of cycles to
failure could be calculated. The proportion of cycles to cycles to failure is known as the fatigue
capacity. A linear fatigue damage accumulation rule (Miner’s Rule) helped determine the fatigue
critical regions within the gate. Twenty-seven sections of high stress were identified and analyzed.
A section at the base of the lock gate sustained the most damage and was determined to be the
most fatigue susceptible location. Further analysis and experimentation will validate these results
so that retrofits become a possibility in preventing damage due to fatigue caused by cyclic loading.
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1. Introduction
Waterway transportation is an important mode of transportation for industry in the United
States. In 2015, over 900 million short tons were transported using waterways (WCSC, 2015).
That amount of cargo is equivalent to 36 million standard semi-trailer trucks carrying their
maximum capacity of 25 short tons, allowed by the Federal Highway Administration
(Transportation Research Board and National Research Council, 2010), (AHTD, 2015). All this
cargo relies on the 191 lock sites and 236 lock chambers that operate in dams along the rivers of
the United States (USACE, 2013). The lock gates in these dams are essential to the waterway
transportation system due to their ability to adjust water levels. Lock gates open for ships to enter
the chamber, close while the water level changes, and open back up so that ships can continue
along the river, see Figure 1.

Figure 1. Lock Gate Operation Diagram

Most of these gates were built in the early to mid 20th century and were designed with a
lifespan of 50 years (ASCE, 2017). The gates are reaching and exceeding their design lives leading
to an increased need in repairs. Repairs exist but are costly due to their debilitating effect on
commerce (Baker, 2004). One lock system, the Greenup Locks and Dam, cost approximately $14
2

million in “direct tow-operating costs to industry just sitting idle in back-ups” from having an
unscheduled maintenance closure of five weeks (Grier, 2009).
Unfortunately, the gates that allow this access and regulation are experiencing fatigue
cracks. Fatigue cracks occur due to cyclic loading. The lock gate goes through a cycle of loading
every time the water levels are adjusted. Fatigue cracking due to cyclic loading is compounded
by the amount of environmental exposure the gates encounter. Exposure to sun, wind, and water,
especially, leads to corrosion which weakens the gates making them more susceptible to fatigue
cracks.
2. Objectives and Scope
The objective of this research project is to identify critical fatigue regions within typical
components of a lock gate. A specific lock gate, the Greenup Locks and Dam on the Ohio River,
was chosen by the US Army Corps of Engineers to coincide with a scheduled dewatering of a lock
and the research project’s proposed schedule. A finite element analysis of the lock gate was
performed to assist with the stress analysis due to the complex geometry of the gate.
3. Method
3.1 Finite Element Analysis
A finite element model was developed, by others, using ABAQUS 6.14 and the plans from
the Greenup Locks and Dam on the Ohio River. The model gives a general estimate of where high
stress areas are located so that damage due to fatigue can be estimated.
3.1.1 Modeling the Lock Gate
Finite element models use a combination of elements, nodes, and boundary conditions to
imitate a structure. An element is created when nodes are connected. The more nodes that make
an element, the more accurate that element will be. Therefore, four nodes were connected to make
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a single element in this model. Nodes are points that have coordinates and boundary conditions.
Boundary conditions limit movement like support connections.
One door of the specific lock gate was modeled due to symmetry. Its dimensions are 63.5
feet by 61.5 feet by 5.71 feet, see Figure 2. After the model was designed, hydrostatic loads with
amplification factors were applied to simulate the changing water pressures on the gate, see Figure
3. The water pressure on the back of the gate remained constant while it varied on the front to
simulate the water level changing for one lockage (the process of raising or lowering water levels
to allow passage through a lock).

Figure 2. Upstream Elevation and Top View of Miter Gate

The loads were applied in three separate steps. Gravity was applied in the first step and
propagated to steps 2 and 3. The constant high level load on the downstream face of the gate was
applied in the second step and propagated to the third step. The third step was split into 60 timestep intervals with different load heights applied to simulate the raising and lowering of the water’s
level on the upstream face of the gate.
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Figure 3. Hydrostatic Load Levels Used in Finite Element Analysis

3.1.2 Finite Element Model Analysis
The finite element analysis model calculates different stresses.

Twenty-seven regions of

high stress were identified on the gate, see Figure 4. Anomalies were identified and excluded from
the fatigue analysis. Nodes are limited to one boundary condition which creates anomalies where
nodes share multiple boundary conditions. Distorted elements, such as triangular elements near
corners, also cause anomalies due to the geometry of the gate.
Each region of high stress was first assigned a category from the AASHTO LRFD Bridge
Design Specifications (AASHTO, 2014;2015). The category identified the direction of stress for
each section so that stress values could be collected. The stress values come from elements in the
finite element model. Each element in a section provided two sets of data for every time-step in
the cycle. The two data sets occur because a shell element has thickness, so one set of values is
for the front of the element and the other is for the back.
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Figure 4. Identified Sections of High Stress in Finite Element Model

3.2 Data Analysis
Damage was calculated using Miner’s Rule. Miner’s Rule is a model for cumulative
damage. Damage is the result of a cycle exceeding the fatigue threshold; the more cycles that
exceed, the more damage that occurs. The finite element model gave stress data at a given time in
the analysis. The reservoir counting procedure was used to determine the number of cycles for
each applied stress range needed for Miner’s total damage approach.
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3.2.1 Miner’s Rule
Miner’s Rule is a cumulative damage approach used to evaluate fatigue performance in
structural components. This approach calculates damage by equating it to the proportion of the
number of cycles occurred to the number of cycles to failure for an applied stress range as shown
in Equation 3-1.

ΣDi

Σ

ni
Ni

Equation 3-1

where i is an applied stress range, Di is the damage, ni is the number of cycles, and Ni is the number
of cycles to failure. The number of cycles to failure, Ni, is calculated using a constant determined
by a section’s category, A, and the applied stress range, , of a section. The equation for Ni is
shown in Equation 3-2.
Equation 3-2
The proportion of cycles is also known as the fatigue capacity. If the fatigue capacity is less than
the fatigue threshold, no damage will occur due to fatigue. The fatigue threshold is a given value
based on characteristics of the section and the category specified by AAASHTO LRFD Design
Specifications (AASHTO, 2014;2015). The number of cycles at an applied stress range can be
determined from the stress data acquired from a model by applying a counting procedure such as
the rain-flow counting procedure or reservoir counting procedure.
3.2.2 Reservoir Counting
Reservoir Counting is a cycle counting procedure used to transform graphical data of stress
time relationships into the number of cycles at a specific stress range. It is different from other
cycle counting methods because it produces complete cycles rather than half-cycles (Maddow,
1991). The first step is to identify the highest peaks and rearrange the graph so that the highest
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peaks are at the starting point and ending point of a new graph, see Figure 5. Visualize the new
graph being filled with water and every local minimum is a drainable reservoir. The next step is
to drain each reservoir individually and measure the height of the reservoir in stress. Each drain
is a cycle and each height is a stress range therefore, the number of cycles at a stress range can be
determined by adding drains with equal heights, see Figure 6. In this work, only one or two cycles
occurred per section so this procedure was relatively simple.

Figure 5. Rearrangement of Stress-Time Graph
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Figure 6. Visual Representation of Reservoirs

3.2.3 Application of Reservoir Counting Procedure
Since the finite element analysis produced two sets of data for every element in a section,
it was simplified before applying the reservoir counting procedure. The two sets of data were
averaged for all elements in a section; only the maxima of those two sets was used. For example,
a section of three elements produces six columns of data, see Table 1(a). Three of these are a set
and are averaged together, see Table 1(b). The averaged sets were plotted to visualize the
reservoir, see Figure 7.
In this figure, the reservoir counting procedure has been used to find the applied stress
range, , for one cycle. The smaller maximum was used for the reservoir height. The applied
stress range was found for every section by plotting its stress contours and applying the reservoir
counting procedure, see Figure 8.
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Table 1. Visual Example of Data Collection for All Data and Average of Sets, (a) and (b) respectively.

Figure 7: Application of reservoir counting procedure for the max in-plane stress history
from Section F10
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Figure 8. All Sections of High Stress and Corresponding Stress Graphs

3.2.4 Application of Miner’s Rule
Miner’s Rule, Equation 3-2, can be applied once the applied stress ranges for every section
are found. The number of cycles to failure is a function of the applied stress range and a constant,
A, given by the section’s category classification (AASHTO, 2014;2015). Each section was divided
into singular cycles for the applied stress range calculations so the number of cycles, ni, was always
one. This simplifies Equation 3-1 of Miner’s Rule to damage equaling the inverse of the number
of cycles to failure as shown in Equation 3-3.

ΣDi

Σ

Ni

Equation 3-3

The amount of damage to a section is the sum of the damage occurring in every cycle a section
goes through. Some sections only had one cycle while others had two cycles. Damage only occurs
if the amount of damage is higher than the fatigue threshold, given by the section’s category
classification in AASHTO. The procedures used to calculate damage can be condensed into Table
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2. The highlighted section is the section with the most damage due to fatigue, see Figure 9. The
sections without damage due to fatigue are not listed.

Table 2. Damage Results based on Application of Miner’s Rule
Location
Category
Section F7
E
Section F9
E
Section F10
E
Section F11
E
Section F12
E
Section F13
E
Section F14
E
Section F15
E
Section F16
E
Section F17
E
Section F20
E
Section F21
E
Section F22
E
Section Inside 1
D
Section Inside 2
D

No.
Type Cycles Δσ
7.1
1
5.945
7.1
1
7.093
7.1
1 22.732
7.1
1
22.52
7.1
1 21.584
7.1
1 23.444
7.1
1 23.301
7.1
1 22.022
7.1
1
9.807
7.1
1
9.807
7.1
1 22.411
7.1
1 21.916
7.1
1 19.854
1.5
1 12.534
1.5
1
10.37

A (ksi^3)
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
1.10E+09
2.20E+09
2.20E+09

Δf
(ksi)
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
7
7

Nf (cycles)
5.235E+06
3.082E+06
9.364E+04
9.631E+04
1.094E+05
8.537E+04
8.695E+04
1.030E+05
1.166E+06
1.166E+06
9.773E+04
1.045E+05
1.406E+05
1.117E+06
1.973E+06

Damage Total Damage
(N/Nf)
Per Section
1.910E-07
1.910E-07
3.244E-07
3.244E-07
1.068E-05
1.068E-05
1.038E-05
1.038E-05
9.141E-06
9.141E-06
1.171E-05
1.171E-05
1.150E-05
1.150E-05
9.709E-06
9.709E-06
8.574E-07
8.574E-07
8.574E-07
8.574E-07
1.023E-05
1.023E-05
9.570E-06
9.570E-06
7.114E-06
7.114E-06
8.950E-07
8.950E-07
5.069E-07
5.069E-07

Figure 9. Miter Gate Locating Section F13
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4. Results and Discussion
4.1 Results
Damage due to fatigue was measured by applying the reservoir counting procedure and
Miner’s Rule to the maximum stresses for each section of high stress that was identified using
finite element modeling. This resulted in the section labeled F13 being the section with the most
damage due to fatigue. Section F13 is located near the base of the miter gate, see Figure 9.
The resulting location of the section of highest fatigue is reasonable due to common
knowledge of load resultants and the geometry of that section. The section has increasing tension
forces being applied to it due to the hydrostatic pressures on the back of the gate. As the water
level rises, the pressure on the bottom of the gate increases. The center is even more vulnerable
because of its distance to a fixed body. The geometry classifies the section as a “transversely
loaded welded attachment” according to AASHTO LRFD Design Specifications, see Figure 10.
The transition radius of the plates assigns Category E on a scale from A-F. The scale refers to a
sections ability to resist fatigue with Category A being the most resisting category. The thin plates
welded together make this section the most critical section for damage due to fatigue.

Figure 10. Detailed Geometry of the Front and Back of Section F13, (a) and (b) respectively
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5. Conclusion
Determining the amount of damage that occurs on a lock gate is beneficial to the waterway
transportation system. Unscheduled maintenance due to fatigue cracking is expensive and possibly
preventable. Miner’s Rule calculates damage by equating it to the fatigue capacity of a structural
element. The fatigue capacity can be calculated using an applied stress range that can be found
from a finite element analysis. In the future, an actual lock gate will be monitored so that these
results can be validated. Organizations like the US Army Corps of Engineers can use this data to
prevent unscheduled maintenance and get funding to prevent failures due to fatigue.
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